A hybrid strategy for solar water splitting is exploited here based on a dye-sensitized photoelectrosynthesis cell (DSPEC) with a mesoporous SnO 2 /TiO 2 core/shell nanostructured electrode derivatized with a surface-bound Ru(II) polypyridyl-based chromophore-catalyst assembly. The assembly, [(4, H 2 ) 2 bpy) 2 Ru(4-Mebpy-4'-bimpy)Ru (tpy) (OH 2 dye-sensitized photoelectrosynthesis cell | water oxidation | core/shell A lthough promising, significant challenges remain in the search for successful strategies for artificial photosynthesis by water splitting into oxygen and hydrogen or reduction of CO 2 to reduced forms of carbon (1-5). In a dye-sensitized photoelectrosynthesis cell (DSPEC), a wide band gap, nanoparticle oxide film, typically TiO 2 , is derivatized with a surface-bound molecular assembly or assemblies for light absorption and catalysis (6-8). In a DSPEC, visible light is absorbed by a chromophore, initiating a series of events that culminate in water splitting: injection, intraassembly electron transfer, catalyst activation, and electron transfer to a cathode or photocathode for H 2 production. Sun and coworkers have recently demonstrated visible-light-driven water splitting with a coloading approach combining Ru(II) polypyridyl-based light absorbers and catalysts on TiO 2 (9). The efficiency of DSPEC devices is dependent on interfacial dynamics and competing kinetic processes. A major limiting factor is the requirement for accumulating multiple oxidative equivalents at a catalyst site to meet the 4e One approach to achieving structural control of local electron transfer dynamics at the oxide interface in dye-sensitized devices is by use of nanostructured core/shell electrodes (10-12). In this approach, a mesoporous network of nanoparticles is uniformly coated with a thin oxide overlayer prepared by atomic layer deposition (ALD). We have used core/shell electrodes to demonstrate benzyl alcohol dehydrogenation (13). This approach has also been used to enhance the efficiency of dye-sensitized solar cells (14, 15) . Recently, we described the use of a core/shell consisting of an inner core of a nanoparticle transparent conducting oxide, tin-doped indium oxide (nanoITO), and a thin outer shell of TiO 2 for water splitting by visible light (16 Fig. 1A , provided the basis for a photoanode in a DSPEC application with a Pt cathode for H 2 generation with a small applied bias in an acetate buffer at pH 4.6.
A hybrid strategy for solar water splitting is exploited here based on a dye-sensitized photoelectrosynthesis cell (DSPEC) with a mesoporous SnO 2 /TiO 2 core/shell nanostructured electrode derivatized with a surface-bound Ru(II) polypyridyl-based chromophore-catalyst assembly. The assembly, [(4,4'-(PO 3 H 2 ) 2 bpy) 2 Ru(4-Mebpy-4'-bimpy)Ru (tpy)(OH 2 The performance of the resulting DSPECs varies with shell thickness and the nature and extent of the oxide overlayer. Use of the SnO 2 / TiO 2 core/shell compared with nanoITO/TiO 2 with the same assembly results in photocurrent enhancements of ∼5. Systematic variations in shell thickness and ALD overlayer lead to photocurrent densities as high as 1.97 mA/cm 2 with 445-nm, ∼90-mW/cm 2 illumination in a phosphate buffer at pH 7.
dye-sensitized photoelectrosynthesis cell | water oxidation | core/shell A lthough promising, significant challenges remain in the search for successful strategies for artificial photosynthesis by water splitting into oxygen and hydrogen or reduction of CO 2 to reduced forms of carbon (1) (2) (3) (4) (5) . In a dye-sensitized photoelectrosynthesis cell (DSPEC), a wide band gap, nanoparticle oxide film, typically TiO 2 , is derivatized with a surface-bound molecular assembly or assemblies for light absorption and catalysis (6) (7) (8) . In a DSPEC, visible light is absorbed by a chromophore, initiating a series of events that culminate in water splitting: injection, intraassembly electron transfer, catalyst activation, and electron transfer to a cathode or photocathode for H 2 production. Sun and coworkers have recently demonstrated visible-light-driven water splitting with a coloading approach combining Ru(II) polypyridyl-based light absorbers and catalysts on TiO 2 (9) . The efficiency of DSPEC devices is dependent on interfacial dynamics and competing kinetic processes. A major limiting factor is the requirement for accumulating multiple oxidative equivalents at a catalyst site to meet the 4e
in competition with back electron transfer of injected electrons to the oxidized assembly.
One approach to achieving structural control of local electron transfer dynamics at the oxide interface in dye-sensitized devices is by use of nanostructured core/shell electrodes (10) (11) (12) . In this approach, a mesoporous network of nanoparticles is uniformly coated with a thin oxide overlayer prepared by atomic layer deposition (ALD). We have used core/shell electrodes to demonstrate benzyl alcohol dehydrogenation (13) . This approach has also been used to enhance the efficiency of dye-sensitized solar cells (14, 15) . Recently, we described the use of a core/shell consisting of an inner core of a nanoparticle transparent conducting oxide, tin-doped indium oxide (nanoITO), and a thin outer shell of TiO 2 for water splitting by visible light (16 Fig. 1A , provided the basis for a photoanode in a DSPEC application with a Pt cathode for H 2 generation with a small applied bias in an acetate buffer at pH 4.6.
Application of the core/shell structure led to a greatly enhanced efficiency for water splitting compared with mesoscopic, nanoparticle TiO 2 but the per-photon absorbed efficiency of the resulting DSPEC was relatively low and problems arose from longterm instability due to loss of the assembly from the oxide surface in the acetate buffer at pH 4.6. The latter is problematic because the rate of water oxidation is enhanced by added buffer bases, conditions that also enhance the rate of water oxidation (5, (17) (18) (19) (20) (21) (22) (23) (24) .
Here, we report a second-generation DSPEC based on a core/ shell photoanode. It features both greatly enhanced efficiencies for visible-light-driven water splitting and stabilization of surface binding by the assembly. Enhanced efficiencies come from the use of a SnO 2 core in a SnO 2 /TiO 2 core/shell structure. SnO 2 has a conduction band potential (E CB ) more positive than TiO 2 by ∼0.4 V. Once injection and electron transfer to the SnO 2 core has occurred, an internal potential gradient at the SnO 2 /TiO 2 interface is established, inhibiting back electron transfer.
In the second-generation DSPEC, ALD is also used to stabilize oxide surface binding by the phosphonate-derivatized assembly. ALD deposition of overlayers of TiO 2 or Al 2 O 3 has been shown to greatly enhance surface stability toward hydrolysis even in strongly basic solutions (25, 26) . We show here, for assembly 1 surface-bound to SnO 2 /TiO 2 , that ALD overlayers of TiO 2 or Al 2 O 3 provide both long-term stabilization on the oxide surface at pH 7 in a phosphate buffer, and, as a bonus, incrementally enhanced efficiencies for water splitting (23) .
The underlying strategy behind the use of ALD for both core/ shell structure and stabilized surface binding is illustrated in Fig.  1C . Detailed information about the mechanism and rate of water Significance Mesoporous SnO 2 /TiO 2 core/shell nanostructured electrodes derivatized with a surface-bound Ru(II) polypyridyl-based chromophore-catalyst assembly are used for water splitting into H 2 and O 2 with visible light in a dye-sensitized photoelectrosynthesis cell. Photocurrents with a small applied bias are among the highest reported. Stabilization of the assembly on the surface of the TiO 2 shell by using atomic layer deposition to deposit overlayers of Al 2 O 3 or TiO 2 results in long-term water splitting even in a phosphate buffer at pH 7. oxidation by the surface-bound assembly is available from a previous publication (27) . 4+ core/shell photoanode with a Pt wire as the cathode. Illumination at 445 nm (FWHM 20 nm, ∼10 to ∼90 mW/cm 2 , beam diameter 1 cm) was provided by a Lumencor SPECTRA seven-color solid-state light source. Fig. 2A compares the results of short-term, current densitytime DSPEC measurement at nanoITO/TiO 2 and SnO 2 /TiO 2 core/shell electrodes with a nominal TiO 2 shell thickness of 3.3 with an applied bias of 200 mV vs. normal hydrogen electrode (NHE). As reported previously (16) , cell performance is bias-dependent with an applied bias required to maximize photocurrent and H 2 evolution at the cathode.
Results

Preparation of SnO
From the data in Fig. 2A and the data summary in Tables S1  and S2 4+ and from local capacitance effects (28, 29) . The small dark current at the end of the light-on/light-off cycles is a characteristic feature of DSPECs arising from electron equilibration by back electron transfer through the core/shell network to the partly oxidized, surface-bound assemblies.
Photocurrent comparisons were made after 10 s of 445-nm illumination at the end of the initial current spike at the onset of the plateau current. It is notable that in comparing nanoITO/ TiO 2 and SnO 2 /TiO 2 as core/shells under the same conditions, photocurrent increases of ∼5× are observed.
The results of a study of the effect of TiO 2 shell thickness on DSPEC performance for SnO 2 /TiO 2 core/shells are summarized in Table 1 . These experiments were conducted at pH 7 in a H 2 PO 4 − /HPO 4 2-buffer with [HPO 4 2-] ∼60 mM. Assembly-surface binding to the TiO 2 shell under these conditions was stabilized by ALD deposition of a 0.55-nm-thick overlayer of Al 2 O 3 .
The results in Table 1 show that compared with a SnO 2 core, the photocurrent density increases by greater than 30× for SnO 2 /TiO 2 core/shells with shell thicknesses from 3.3 to 6.6 nm. The photocurrent density, which is dependent on TiO 2 shell thickness over the range 3.3, 4.5, 6.6 nm, is maximized at 4.5 nm (75 ALD cycles).
There is also a dependence on the number of ALD overlayer stabilization cycles and on the nature of the added overlayer. Based on photocurrent data at pH 4.6 and pH 7 in Table S3 and Fig. S1 , photocurrent efficiencies for the assembly-based photoanode, With no protective overlayer, at pH 4.6 in acetate buffer, loss of the assembly from the surface by hydrolysis is noticeable after a few minutes. At pH 7 in phosphate buffer, the loss is too rapid for current-time measurements. The assembly is stable on the surface under these conditions, however, with ALDadded overlayers of TiO 2 -(0.6 nm)TiO 2 , are shown in Fig. 2B . These results reveal an impressive enhancement in stability toward surface hydrolysis. A slow decrease in photocurrent is observed with time but it arises from instability toward ligand loss by the Ru (III) form of the chromophore in the assembly (30) .
In previous experiments with assembly 1 on core/shell nano-ITO/TiO 2 , high faradaic efficiencies for H 2 production were reported with O 2 evolution confirmed by a rotating ring disk method (16) . In the present study, H 2 (0.3 nm Al 2 O 3 ) photoanode and Pt counter in a two-electrode configuration. The faradaic efficiencies for H 2 and O 2 measured after 100 s of photolysis were 57% and 41%, respectively, which are low but typical for these measurements.
The results described here are a notable advance. Introduction of SnO 2 /TiO 2 core/shells improves cell efficiencies by a factor of ∼5× (Table S1 ). Added ALD oxide overlayers stabilize surface binding over extended photolysis periods, even at pH 7 in phosphate buffers. Cell efficiencies can be manipulated by varying the core/shell material and its geometry. Under optimal conditions for a These results are important in expanding the scope of DSPEC water splitting by manipulating core/shell structure and incorporating ALD overlayer protection toward hydrolysis. Major /HPO 4 2-buffer at pH 7 at room temperature. The bias was applied across the working and counterelectrodes (the experiment was performed in a two-electrode configuration with the counter-and reference leads both connected to the Pt counterelectrode). The ionic strength was adjusted to 0.5 M with NaClO 4 . Illumination was accomplished with a 455-nm LED at 46.2 mW/cm
